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We report the local magnetic response of an electron-doped cuprate superconductor,
Pr0.89LaCe0.11CuO4−y (Tc ≃ 26 K), studied by muon spin rotation (µSR) over a field range
from 200 Oe to 50 kOe. In the paramagnetic state, the muon Knight shift along the crystal
c-axis (Kzµ) is proportional to the in-plane susceptibility χab. More surprisingly, K
z
µ is strongly
enhanced by the occurrence of superconductivity (below ∼40 kOe), changing its sign from
positive to negative around ∼ 1 kOe with increasing field. This finding can be understood
by considering the weak polarization of Pr ions due to superexchange interaction with the
antiferromagnetic Cu sublattice, which coexists with superconductivity.
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The role of antiferromagnetic (AF) correlation in the
mechanism of superconductivity has been a subject of
vigorous debate in the field of high-Tc cuprate super-
conductors since their discovery and subsequent revela-
tion of non-Fermi liquid behavior in hole-doped (p type)
cuprates. Despite the common view that AF correlation
is vital for the occurrence of superconductivity, opinions
are largely divided as to the ground state with which
the pair correlation is at work; namely, the one that can
be mapped onto a conventional Fermi liquid,1 or a new
state of the matter consisting of “spinons/holons”2 or a
texture of self-organized carriers such as “stripes”.3 Re-
cent observation of field-induced magnetism in p type
cuprates has shed new light on this issue, where the
recovery of the quasistatic AF state under a moderate
magnetic field (a few Tesla) is suggested in the flux
line lattice (FLL) state of La2−xSrxCuO4 (LSCO),
4–6
YBa2Cu3O7−δ (YBCO),
7 YBa2Cu4O8 (Y1248),
8 and
Bi2Sr2CaCu2O8+δ (BSCCO).
9 Since the superconduct-
ing order parameter is locally suppressed in the vortex
cores, there is a possibility that these findings may be
a manifestation of the electronic ground state nucleated
in the normal cores. However, while all of the observed
effects are attributed to the AF (or quasistatic stripe)
phase localized in the vortex cores, the evidence for the
“AF core” remains elusive; the results in LSCO are all
from neutron diffraction measurements which are not
sensitive to the local structure over such a large length
scale (vortices with a core size of ∼ 102 A˚, separated by
102–103 A˚), those in YBCO and Y1248 are based on NMR
measurements where the evidence is an enhancement of
spin-lattice relaxation near the core rather than a well-
defined shift, and that for BSCCO is from STM where
the measured quantity is subject to the strong anisotropy
of tunnel conductance. One attempt to directly observe
modified field distribution near the vortex cores in YBCO
(δ = 0.5) by the muon spin rotation (µSR) technique
yielded only a marginal sign of such modulation.10
Meanwhile, there is increasing evidence that the
ground state of electron-doped (n type) cuprates may
be understood within the framework of a conventional
Fermi liquid. The normal state of n type cuprates ex-
hibits a quadratic temperature dependence (∝ T 2) of
the resistivity in contrast to the linear dependence seen
in p type cuprates. A recent NMR study of an n type
cuprate, Pr1−xLaCexCuO4−y (PLCCO, x = 0.09), has
demonstrated that the Korringa law is restored upon
the removal of superconductivity by applying an external
magnetic field above the upper critical field (Hc2 ≃ 50
kOe).11 These are typical features found in the Fermi
liquid ground state. Moreover, the spin dynamics in the
superconducting state of an n type cuprate exhibits com-
mensurate spin fluctuation,12 whereas incommensurate
spin fluctuation is commonly found in p type cuprates.
In these circumstances, the field-induced AF state re-
cently observed in Nd1.85Ce0.15CuO4 is attracting much
interest;13, 14 it would be crucially important to exam-
ine whether or not such AF phase is localized within the
vortex cores.
Recently, a much stranger external field effect in
Pr2−xCexCuO4−y (PCCO) has been observed by µSR,
where large copper moments (∼ 0.4 µB) are reported to
have been induced by a magnetic field as small as 90
Oe.15 In this paper, we report µSR measurements on the
single crystalline n type cuprate Pr0.89LaCe0.11CuO4−y
(Tc ≃ 26 K), which is relatively close to the AF phase
(x ≤ 0.1).16 Compared with PCCO, we can obtain sin-
gle crystals of PLCCO in much larger dimensions, which
allows systematic studies by various experimental tech-
niques including neutron diffraction.17 We show that the
muon Knight shift, Kzµ, under an external magnetic field
parallel to the c-axis is significantly influenced by the in-
plane susceptibility, χab, strongly suggesting the presence
of unconventional hyperfine interaction involving a non-
1
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diagonal Fermi contact-type term between muons and
Pr ions. Moreover, an additional shift of the frequency
(corresponding to ∼ 101 Oe) is induced spontaneously
below ∼ Tc at lower fields (< 40 kOe) with either a posi-
tive or negative sign, depending on the magnitude of the
applied magnetic field. This indicates that the in-plane
polarization of Pr ions is clearly enhanced in the super-
conducting phase, strongly suggesting the influence of
CuO2 planes on the behavior of Pr moments. Consider-
ing the field-induced weak antiferromagnetism of CuO2
planes in PLCCO,17 we discuss the superexchange inter-
action between Pr and Cu moments as an origin of Pr
moment polarization.
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Fig. 1. (a) Temperature dependence of magnetic susceptibility at
H=20 kOe (open symbols) and 50 kOe (filled symbols) applied
parallel (χc) and perpendicular (χab) to the c-axis. (b) The muon
Knight shift with H = 20 kOe parallel to the c-axis, where the
solid curve in (b) is proportional to χab. (c) The K-chi plot (with
χ = χab) for the Knight shift shown in (b).
A large single crystal of Pr0.89LaCe0.11CuO4−y (y ≃
0.02) was prepared by the traveling-solvent float zone
method, the details of which have already been published
elsewhere.16 A large volume fraction and the sharp on-
set of Meissner diamagnetism at Tc (see below) demon-
strated the high quality of the specimen. The µSR mea-
surements were carried out on the M15 beamline at TRI-
UMF, Canada. A slab of Pr0.89LaCe0.11CuO4−y crystal
(measuring about 5 mm×8 mm×0.5 mm) with the c-axis
perpendicular to the plane was loaded onto a He gas-flow
cryostat and a magnetic field (H = (0, 0, Hz)) was ap-
plied parallel to the c-axis (where z ‖ c). In a transverse
field (TF) geometry, the initial muon polarization was
perpendicular to the c-axis so that the muon probed the
local field Bz by spin precession at a frequency γµBz
(with γµ = 13.553 MHz/kOe being the muon gyromag-
netic ratio). Detailed zero-field (ZF) µSR measurements
on the same specimen with varied oxygen depletion indi-
cated a weak random magnetism similar to PCCO, which
is identified as being due to the small Pr moments.18
The muon hyperfine parameter Azµ is deduced from a
comparison between magnetic susceptibility χ and the
muon Knight shift in the normal state; their relation in
rare-earth metallic compounds is generally expressed as
Kzµ ≃ K0 + (Ac +
∑
i
Azzi )χc, (1)
where K0 and Ac denote the respective contribu-
tions from the T -independent Pauli paramagnetism
and from the polarization of conduction electrons by
the Rudermann-Kittel-Kasuya-Yoshida (RKKY) inter-
action, χc being the susceptibility for the normal direc-
tions, and Azzi is the relevant component of the dipole
tensor Aαβi = (3r
α
i r
β
i /r
2
i − δαβ)/r
3
i calculated for the
nearby i-th Pr ions at a distance ri from the muon. As
shown in Fig. 1a, PLCCO exhibits a large anisotropy of
χ between the in-plane (χab) and normal (χc) directions,
where χab exhibits a significant increase with decreasing
temperature while χc remains almost unchanged. The
corresponding muon Knight shift versus temperature is
shown in Fig. 1b; it is clear in Figs. 1a and 1b that Kzµ is
mostly proportional to χab, which is in a stark contrast
to Eq. (1). Moreover, it is inferred from Fourier analy-
sis of the TF-µSR spectra that there are two satellite
peaks symmetrical about the central peak with about a
half intensity whose splitting becomes large enough to be
resolved above ∼25 kOe.18 Provided that the rare-earth
sites are randomly occupied by Pr and La ions, the ob-
served spectral pattern suggests a binomial distribution
of hyperfine coupling constants.
Considering the earlier reports that the muon site is
crystallographically unique and located near the oxygen
atoms midway between the CuO2 planes (z = 0.25 or
0.75 in the unit cell),19, 20 we carried out extensive sim-
ulations of Kzµ using Eq. (1). As a result, we found that
there is no possibility for Eq. (1) to reproduce the well-
defined three-frequency structure with binomial intensity
distribution observed at higher fields. This is also obvious
from the fact that the temperature dependence of Kzµ is
quite different from that of χc. Thus, we need to intro-
duce a hypothetical non-diagonal hyperfine interaction,
Af , to account for the observed result; namely,
Kzµ ≃ K0 +Afχab. (2)
Our result in Fig. 1b indicates that the term proportional
to χc is negligible. (Note that the dipolar tensor
∑
Azzi
actually takes null value when muons are sitting exactly
at the center between two rare-earth ions.) The K-chi
plot for χab in Fig. 1c exhibits a linear relation with a
small offset near the origin, from which we obtain Af =
Azµ = −969(2) Oe/µB for the central peak, and −401(2)
Oe/µB and −1551(2) Oe/µB for the satellites assuming
a common K0 (=201(3) ppm). Although the origin of Af
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Fig. 2. Temperature dependence of the muon precession fre-
quency (a) and transverse spin relaxation rate (b) at H = 200
Oe. The inset (c) shows the Meissner effect observed in bulk sus-
ceptibility at 10 Oe under FC and ZFC conditions. The solid
lines are a visual guide only.
is not clear at this stage, it is most probable that a Fermi
contact-type (scalar) interaction (a “variation” of Ac) is
responsible for the mechanism explaining the binomial
distribution of the spectral weight.
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Fig. 3. Temperature dependence of the muon precession fre-
quency (a) and transverse spin relaxation rate (b) at H = 20
kOe (where Tc ≃ 18 K). The solid lines are a visual guide only.
At the superconducting transition, the specimen ex-
hibits a further peculiar magnetic response. As shown
in Fig. 2, a large positive shift of the frequency and as-
sociated increase of the muon spin relaxation rate (Λ)
is observed at H = 200 Oe. While the increase of Λ is
understood by considering the inhomogeneous magnetic
field distribution due to the FLL formation, the direction
of the frequency shift is apparently opposite to that ex-
pected for diamagnetism in the FLL state. As shown in
Fig. 2c, the possibility of attributing the observed pos-
itive shift to the so-called paramagnetic Meissner effect
is ruled out by the magnetic response observed in both
the ZFC and FC magnetization. This result is similar
to what has been observed in PCCO.15 In Fig. 3, on the
other hand, an enhancement of the frequency shift in the
negative direction is observed below Tc at 20 kOe.
The field dependence of this additional shift, ∆Bz =
BS0 −B
N
0 (frequencies divided by γµ), is shown in Fig. 4,
where ∆Bz exhibits a steep decrease with increasing field
to change its sign to negative above ∼ 1 kOe. The strong
field dependence at such low fields indicates that the shift
of the Van Hove singularity due to the FLL formation is
negligible over the entire field range; this is also consis-
tent with a large magnetic penetration depth (≥ 3400
A˚) reported for PCCO. While the observed tendency is
close to that in PCCO (H ≤ 2 kOe),15 the change in the
sign of ∆Bz suggests the flip of A
z
µ due to the external
field. (Unfortunately, Kzµ in the normal state is too small
to measure at such low fields.) Meanwhile, ∆Bz is only
weakly dependent on the field for 2–40 KOe, above which
it exhibits a trend to increase further in the negative di-
rection. Such a behavior cannot be explained by the sim-
ple bulk demagnetization effect. More interestingly, these
features above ∼2 kOe (including a further increase of
∆Bz above ∼ 40 kOe) are quite similar to those of field-
induced moments detected by neutron diffraction.17 The
possibility to attribute the field-induced effect to impu-
rity phases (Pr,Ce,La)2O3 has been ruled out by the re-
cent neutron experiment, as they found no such effect in
those phases below 70 kOe.14
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Fig. 4. Magnetic field dependence of the additional shift in the
superconducting state, where BS
0
and BN
0
correspond to the in-
ternal field at 10 K and 30–40 K, respectively. The solid curve is
a “guide for the eye” fitting result by a phenomenological model
assuming the flip of an internal field (with the dashed line rep-
resenting the contribution of residual demagnetization).
Since the emergence of ∆Bz is strongly correlated with
the occurrence of superconductivity below ∼ 40 kOe, the
origin of ∆Bz must be in close relation with the electronic
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state of CuO2 planes. However, it has been demonstrated
by very recent neutron diffraction measurements on the
present specimen that the moment size of Cu ions in-
duced by the external field is far smaller than that found
in the AF phase of Pr1−xLaCexCuO4−y (x < 0.1) with
a quite non-linear dependence on the field; it remains al-
most constant over a range from 0 to ∼ 40 kOe.17 Consid-
ering the hyperfine coupling between Cu ions and muons
at the relevant site (which is usually dominated by mag-
netic dipolar interaction), it is unlikely that such small
Cu moments directly contribute to ∆Bz , in contrast to
what has been suggested for the case of PCCO.15 On the
other hand, there is a strong superexchange coupling be-
tween Cu and Pr ions as inferred from neutron diffraction
studies in R2CuO4.
21 For example, in Pr2CuO4 about
0.08 µB of Pr moments are induced by Cu moments with
0.4 µB,
21 with a non-collinear spin structure in the ab
planes for both sublattices.22 In a mean-field treatment,
the Cu ions exert an effective magnetic field on the Pr
ions so that the moment size of the Pr ions is given by
〈MPr〉 ∼ χabJ〈MCu(Hz)〉, (3)
where J is the Cu2+-Pr interaction energy and
〈MCu(Hz)〉 is the field-induced Cu moments.
21 Thus, we
can expect an additional field ∆Bz ≃ Af 〈MPr〉, which is
induced by the polarized Cu ions in the superconducting
phase. Because of the non-diagonal hyperfine coupling
Af between muons and Pr ions, a small in-plane polar-
ization of Pr ions can lead to a sizable magnitude of hy-
perfine field along the c-axis on the nearby muons. Our
estimation indicates that about 0.01 µB of Pr moments,
which may be induced by 0.05 µB of Cu moments, is
enough to account for the amplitude of ∆Bz.
It is interesting to note that the strong influence of the
superconducting phase is observed at as low an external
field as 102 Oe, where the density of magnetic vortices is
very small (their distance being ∼ 4 × 103 A˚). Consid-
ering that most of the implanted muons are probing the
sample outside the vortex cores in this low field range,
we can conclude that the origin of the enhanced muon
Knight shift associated with the superconducting phase
is not confined in the vortex cores. Thus, it is highly
presumable that the small polarization of Pr ions (and
of Cu ions) is present in the entire volume of the speci-
men under an external field, as suggested by the neutron
diffraction. This might be in favor of the quantum critical
point scenario in understanding the competition between
AF and superconducting phases.23
Finally, we note that additional work is clearly needed
to elucidate the origin of unconventional hyperfine cou-
pling between muon and Pr ions, including that on the
possible role of muon itself as a source of perturbation.
In summary, we have shown that the muon Knight
shift, which is anomalously proportional to the in-plane
susceptibility (perpendicular to the field direction), is
strongly enhanced by the occurrence of superconductiv-
ity, changing its sign from positive to negative around
∼ 1 kOe with increasing field. This result can be un-
derstood by considering weak in-plane polarization of Pr
ions, which are polarized by field-induced Cu moments
via superexchange interaction. It also suggests strongly
that there is a uniform weak polarization of Cu moments
induced by an external field as low as 102 Oe in the super-
conducting phase of Pr0.89LaCe0.11CuO4−y, irrespective
of vortex cores in the mixed state. This extraordinary
sensitivity of CuO2 planes to a magnetic field will pro-
vide a strong criterion for identifying the true electronic
ground state of n type cuprates.
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